During welding, the weld pool has a fluid flow with thermal conduction and a free surface. The dropped metal also supplies a free surface. These complex phenomena are difficult to simulate using the grid method. On the other hand, particle methods, such as the smoothed-particle hydrodynamics (SPH) method or the moving particle semi-implicit (MPS) method, can evaluate the fluid flow and the thermal conduction with a free surface more easily than grid methods. In the present study, for high-speed and effective simulation of the welding process, including the weld pool, a hybrid particle and grid method with explicit MPS is performed. In this hybrid method, particles can be used in the weld pool and the area located near the weld pool, whereas grid elements are used in the other areas. Furthermore, in order to consider interface effects, a light source model for the welding process simulation is developed. As a result, numerical simulation of the heat conduction in the weld joint, including the fluid flow in the weld pool with a free surface, is performed.
Introduction
During welding, the weld pool has a fluid flow with thermal conduction and a free surface. The dropped metal also supplies a free surface. These complex phenomena are difficult to simulate using the grid method. However, particle methods such as smoothed-particle hydrodynamics (SPH) [1] or the moving particle semi-implicit (MPS) method [2] , which represents the fluid flow as moving particles, can more easily evaluate the fluid flow and thermal conduction with a free surface than grid methods.
However, particle methods generally need to simulate equal particle sizes. This means that the calculation cost using particle methods is larger than that using grid methods. Therefore, an analysis using the particle method is effective for the weld pool, but not for the full-size weld joint.
In the present study, first, for high-speed, effective simulation of the welding process, including the weld pool, explicit MPS [3, 4] is performed. Second, a hybrid particle and grid method [5] is used for welding process simulation. In the hybrid method, particles can be used in the weld pool and the area located near the weld pool, whereas grid elements are used in the other areas.
Furthermore, in order to add the interface effects, which are caused by the arc pressure and the heat input, a light source model for the welding process simulation is developed. The model can consider the radiated effects of the heat source. As a result, numerical simulation of the heat conduction in the weld joint, including the fluid flow in the weld pool, is performed. 
where r is the particle distance, and r e is a finite distance for limiting the interactions. The weight function is used to solve differential operators such as the gradient and the Laplacian.
The governing equation for incompressible flow is as follows:
where is the density, v is the velocity, is the viscosity, P is the pressure, and f is the external force, which, in the present study, includes gravity, surface tension, and arc pressure. The surface tension is given as follows:
where is the surface tension, is the curvature factor, is the delta function, and n is the normal vector.
In explicit MPS, the pressure is obtained as follows:
where P i is the pressure, c is the speed of sound in the fluid, n i and n 0 are particle number densities, and P is the quantity in the second term on the right-hand side of Eq. (1).
Temperature analysis
The governing equation for thermal conduction is given as follows:
where h is the enthalpy, T is the temperature, is the density, and is the thermal conductivity.
The effect of the mushy zone of the solid-liquid interface during welding is given by the velocity in eq. (2), which is obtained as follows:
where h s is the enthalpy when fully solidified, and h l is the enthalpy when fully liquefied.
Hybrid particle and grid method
A hybrid particle and grid method is used to analyze the welding process. In the hybrid process, shown in Figure 1 , the boundary particles and the boundary grid elements are placed between the edges of the particle area and the grid area in step n.
After conversion of the physical quantities between the particles and the grids, the physical quantities in the next step n+1 are calculated for the particles and the grid elements.
The hybrid method consists of only an explicit algorithm and can be greatly accelerated by parallelization. In the present study, all of the processes (including the hybrid model, the governing equations, the light source model, and so on) are parallelized and accelerated by a GPU (CUDA 5.0). 
Light source model of the interface effect during welding
In more realistic simulations, the effect of the interface due to the arc plasma, such as the arc pressure on the fluid surface, must be considered. The simplest method is to apply the effect to the surface particles, which are a finite distance from the source position. However, this applies the effect to the entire surface of the fluid, which means that the effect is applied to the shaded area of the surface shown in Figure 2 . For a more reasonable analysis, the shadow area and the illuminated area should be handled separately. In this study, light source model is used to separate the two. Figure 3 shows the positional relationship among the light source position, an obstacle particle, and a surface particle. The light extends radially from the light source position to the surface particle. In the present study, surface particles that are more than 50% obstructed by the obstacle particle are considered to be shaded particles, in which case, we have: 
where R is the distance between the light source and the obstacle particle, and r 0 is the particle radius. Here, sin is obtained by the cross product as follows:
where sp 1 is the positional vector from the light source to the surface particle, and sp 2 is that from the light source to the obstacle particle. Using this model, the surface particles are divided into illuminated particles and shaded particles. For example, Figure 4 shows the dropping of melted metal. In this analysis, melted metal is placed at the top of the groove. The dropping metal displaced slightly from the center and produces a non-symmetric fluid flow and thermal conduction. The light source is located higher than the melted metal. The external forces are gravity and surface tension. As shown in Figure 4 , during the dropping and solidification of the melted metal, the illuminated surface is varied and selected properly.
3. Numerical simulation of the welding process by the hybrid method with Explicit MPS
Analysis condition
The analysis domain is shown in Figure 5 external forces are gravity, surface tension, and arc pressure. In the present study, the arc pressure, which has a two-dimensional distribution, is applied to the illuminated surface particles. Figure   6 shows the arc pressure distribution, where r is defined as follows:
and x and y indicate the distances in the x and y directions from the light source position. The arc pressure distribution in Figure 6 is same with that in the previous study [6] . 
3.2
Analytical results Figure 7 shows the temperature distribution of the base metal during and after welding. As can be seen, thermal conduction analysis is performed properly between the particles and the grid elements. The weld pool during the liquid metal dropping is shown in Figure 8 . The liquid metal is dropped onto the base metal, and through thermal conduction, a weld pool with a free surface is formed. Thus, numerical simulation of the welding process for the full-size weld joint, considering the thermal conduction and the fluid flow with a free surface in the weld pool, can be achieved with a lower computational cost.
Conclusions
In the present study, a welding process simulation using a hybrid particle and grid method with explicit MPS is performed. 
